1. Glycerol 3-phosphate content of isolated hepatocytes from starved rats and of glycogen-depleted hepatocytes from fed rats was low and severely limited triacylglycerol synthesis. 2. Raising the glycerol 3-phosphate content by addition of precursors to the cells resulted in a hyperbolic-like relationship between triacylglycerol synthesis and cellular glycerol 3-phosphate content. Statistical analysis of the curves showed no significant differences between the nutritional states either at saturating or at subsaturating glycerol 3-phosphate content. 3. Vmax. of glycerophosphate acyltransferase measured in homogenized hepatocytes was decreased by 30-40% in starvation. There was no change in apparent Km for glycerol 3-phosphate. Since at saturating glycerol 3-phosphate content esterification rates in hepatocytes of both nutritional states were identical, the enzyme is not limiting esterification under this condition. 4. At subsaturating glycerol 3-phosphate content the flux through glycerophosphate acyltransferase necessarily limits esterification. Therefore one would expect a decrease in esterification in starvation under this condition. This was the case when triacylglycerol synthesis was plotted against intracellular glycerol 3-phosphate concentration, calculated from the cellular glycerol 3-phosphate content and the intracellular water space, which was smaller in hepatocytes from starved rats. 5. The data obtained in hepatocytes were extrapolated to the intact liver by using the number of parenchymal cells per g of liver as determined from marker-enzyme analysis and the liver weight per 100g body weight. The extrapolation suggested that glycerol 3-phosphate is limiting esterification in vivo for contents below 0.3-0.4 and 0.5-0.65 pmol/g for livers from fed and starved animals respectively. Also for a given fatty acid load and a glycerol 3-phosphate content below 0.3,umol/g the liver may esterify less in the starved state. However, at the glycerol 3-phosphate contents measured in freeze-clamped livers (0.30 and 0.44,umol/g for the fed and starved state respectively), livers in both nutritional states seemed capable of esterifying similar amounts of fatty acids.
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Plasma long-chain non-esterified fatty acids are metabolized by the liver via two major pathways: (1) oxidation mainly to ketones and C02, and (2) esterification with glycerol 3-phosphate to form triacylglycerols and phospholipids. The partitioning of the incoming fatty acids between oxidation and esterification is under nutritional and hormonal control. Perfused livers or isolated hepatocytes from fed rats esterify more fatty acids than they oxidize, whereas the converse is true for liver preparations from starved rats (Mayes & Felts, 1967; McGarry & Foster, 1971; Ontko, 1972) . Theoretically, the balance between oxidation and esterification can be altered by changes in the activities of either the Vol. 204 oxidation or the esterification pathway, or by simultaneous reciprocal changes in the activity of both pathways. The activities of the oxidation pathway appears to be controlled by malonyl-CoA, a potent inhibitor of carnitine palmitoyltransferase I. In the fed state, in which lipogenesis is high, the increased intracellular concentration of malonylCoA suppresses fatty acid oxidation and thereby prevents the newly synthesized fatty acids from being oxidized. In the starved animal lipogenesis and malonyl-CoA decrease, so that the inhibition of fatty acid oxidation is relieved (McGarry & Foster, 1980) . It is not clear whether the control exerted on oxidation suffices to explain the reciprocal changes in fatty acid oxidation and esterification, or whether an as yet unknown additional control on esterification has to be postulated.
In the starved state there is a decrease in the activity of glycerophosphate acyltransferase, the first enzyme committed to esterification (Aas & Daae, 1971; Mangiapane et al., 1973; Van Tol, 1974) . The availability of glycerol 3-phosphate has been proposed as another regulatory factor in fatty acid esterification (Fritz, 1961; Wieland & Matschinsky, 1962; Tzur et al., 1964; Mayes & Felts, 1967; Exton & Park, 1967; Van Tol, 1974; Christiansen, 1979; Beynen et al., 1980; Lund et al., 1980; Sugden et al., 1980; Williamson et al., 1980 , Wirthensohn et al., 1980 . However, in none of these experiments was it established that glycerol 3-phosphate was in fact limiting esterification. More recently we determined the content below which glycerol 3-phosphate limits esterification in hepatocytes from starved rats (Debeer et al., 1981) . In the present experiments we measured the concentration range within which it limits esterification in hepatocytes from fed rats and compared it with similar data obtained in hepatocytes from starved rats. In addition, we explored the possible regulatory role of the nutritional changes in glycerophosphate acyltransferase activity.
Experimental Animals
Male Wistar rats weighing 150-200g and maintained on a standard laboratory diet were used. Starved rats were deprived of food for 24 h. All experiments were initiated between 08:00 and 09:00h.
Triacylglycerol synthesis in isolated hepatocytes
Hepatocytes were isolated as described previously (Thomas et al., 1978) . To lower the glycogen and glycerol 3-phosphate contents of freshly isolated hepatocytes from fed rats, the cells (107/ml) were suspended in Krebs-Henseleit (1932) (Debeer et al., 1981) and radioactive acid-soluble oxidation products , or with chloroform/methanol (2:1, v/v) for the measurement of incorporation of radioactivity in triacylglycerol (Crack & Elliott, 1979) . Isolated hepatocytes suspended in albumincontaining Krebs-Henseleit buffer (107/ml) were incubated with 2.5,uCi of [U-'4C]-3-O-methylglucose (sp. radioactivity 310 Ci/mol) for 3 min at 370C and then centrifuged through a layer of bromododecane and dodecane as described by Cornell (1980 (EC 3.1.3.9 , endoplasmic reticulum) were determined as described previously Debeer et al., 1979) . Monoamine oxidase (EC 1.4.3.4, mitochondrial outer membrane), NADPHdependent cytochrome c reductase (EC 1.6.2.4, endoplasmic reticulum) and succinate dehydrogenase (EC 1.3.99.1, mitochondrial inner membrane) were assayed by the methods of Weissbach et al. (1960) , Beaufay et al. (1974) and Sottocasa et al. (1967) respectively.
Glycerophosphate acyltransferase (acyl-CoA: snglycerol 3-phosphate O-acyltransferase, EC 2.3.1.15) was measured by the method of , with the following modifications.
The assay mixture, in a final volume of 1 ml, contained KCl (120mM), Tris/HCl, pH 7.4 (50mM), palmitoyl-CoA (65,UM), defatted bovine serum albumin 6 or 1.2mg (molar ratios of palmitoylCoA/albumin of 0.65 and 3.25 respectively), L-[U-'4C]glycerol 3-phosphate (sp. radioactivity 0.5Ci/mol; concentration range 0.1-5mM), dithiothreitol (0.7 mM) and appropriate quantities of enzyme source. The enzyme was preincubated for 6min at 300C in the reaction mixture described above, except that palmitoyl-CoA was absent. Reactions were started with the addition of palmitoyl-CoA and the incubations were continued for another 6min at 300C. Reactions were terminated with water-saturated butanol and the butanolsoluble radioactivity was determined. Appearance of butanol-soluble radioactivity was linear with time for the incubation period used. Vm.. and apparent Km values for glycerol 3-phosphate were calculated by using the Woolf-Hofstee linear transformation of the hyperbolic relationship obtained between enzyme activity and glycerol 3-phosphate concentration (Hofstee, 1959 (Hohorst, 1970) . Vol. 204 Determination of plasma non-esterified fatty acids and triacylglycerol entry into the circulation Plasma non-esterified fatty acids were measured by the method of Duncombe (1963) . Triacylglycerol entry into the circulation was estimated in vivo by the Triton WR-1339 method as described by Otway & Robinson (1967) . Plasma was extracted with chloroform/methanol (2:1, v/v) and analysed for triacylglycerols as described previously (Debeer etal., 1977 (Hofstee, 1959) , a linear regression analysis of the data was performed to find the most likely values of (1) the apparent Km for glycerol 3-phosphate, (2) the apparent Vmax of triacylglycerol synthesis and (3) the intercept of the curve with the abscissa (see Fig. 1 ). These three parameters were then used as starting values for a non-linear regression analysis which allowed the calculation of the most likely rate of triacylglycerol synthesis for each corresponding experimentally determined glycerol 3-phosphate value. The confidence limits of the curves were calculated as follows:
where Y is the computed value of the rate of triacylglycerol synthesis, tn-3 is the t value at the 0.05 level of significance for n -3 degrees of freedom, n is the number of experimental data and S.D. is the standard deviation of Y.
Results and discussion
Glycerol 3-phosphate dependence of triacylglycerol synthesis in isolated hepatocytes from fed and starved rats
We previously demonstrated that glycerol 3-phosphate availability seriously limits fatty acid esterification in isolated hepatocytes from starved rats incubated in the absence of carbohydrate (Debeer et al., 1981 (Debeer et al., 1981) . Since we wanted to compare the glycerol 3-phosphate dependence of triacylglycerol synthesis in hepatocytes from fed and starved animals, the hepatocytes from fed rats were first preincubated for 90min to deplete their glycogen and lower their glycerol 3-phosphate content. Hepatocytes from starved rats were treated similarly. The hepatocytes were then incubated in the presence of 1 mMpalmitate and of lactate plus pyruvate or glucose to raise their glycerol 3-phosphate content, and rates of triacylglycerol synthesis were measured. A high palmitate concentration was used, since at elevated palmitate concentrations oxidation rates become equally high in hepatocytes from fed and starved rats. In the present experiments 0.42 + 0.02 and 0.41 + 0.02,umol of palmitate were oxidized/min per 108 cells for hepatocytes from fed and starved rats respectively, so that differences in oxidation did not influence triacylglycerol synthesis indirectly by altering the intracellular acyl-CoA concentration. The high oxidation rates in hepatocytes from fed rats are explained by the inhibition of acetyl-CoA carboxylase and malonyl-CoA synthesis by the increased intracellular acyl-CoA (McGarry & Foster, 1980 ). Fig. 1 shows the relationship between cellular glycerol 3-phosphate and rates of triacylglycerol synthesis in isolated hepatocytes from fed and starved animals. The data reveal that below 0.4-0.5,umol of glycerol 3-phosphate/108 cells triacylglycerol synthesis sharply increased with increasing glycerol 3-phosphate content in both the fed and the starved state. The curves, which were computer-drawn after non-linear-regression analysis of the data, are again represented in Fig. 2 with their 95% confidence limits. Fig. 2 shows a wide overlap in confidence intervals, indicating that both curves were not significantly different. Although this may be due to the relatively wide scatter, inherent to such experiments, of the experimental points, the data nevertheless demonstrate that the nutritional state of the animal causes no large difference in glycerol 3-phosphate dependence of triacylglycerol synthesis. This may seem unexpected, however, since several authors have described a decreased activity of glycerophosphate acyltransferase in the starved state (Aas & Daae, 1971; Mangiapane et al., 1973; Van Tol, 1974) . Evidently, at limiting glycerol 3-phosphate content the flux through this enzymic step limits esterification and one would therefore expect to observe a slower increase of triacylglycerol synthesis with increasing cellular glycerol 3-phosphate content in cells from starved animals.
Glycerophosphate acyltransferase activity in homogenates of isolated hepatocytes from fed and starved rats Glycerophosphate acyltransferase activity is found at the mitochondrial outer membrane and in endoplasmic reticulum (Daae & Bremer, 1970 ; Monroy et al., 1972; Nimmo, 1979a,b) . It has been reported that the microsomal enzyme is strongly inhibited by thiol-blocking reagents such as Nethylmaleimide, whereas the mitochondrial enzyme appears to be insensitive to these agents (Monroy et al., 1972; Nimmo, 1979a) . In a first series of experiments we confirmed these findings. After centrifugal fractionation of homogenates, glycerophosphate acyltransferase activity was measured in the presence and absence of 2mM-N-ethylmaleimide in the subcellular fractions.
N-Ethylmaleimide-insensitive activity followed the subcellular distribution of the mitochondrial markers glutamate dehydrogenase, carnitine palmitoyltransferase and especially the outer-membrane marker monoamine oxidase (results not shown), confirming its mitochondrial nature. The distribution of N-ethylmaleimide-sensitive activity closely paralleled the distribution of the microsomal markers glucose 6-phosphatase and cytochrome c reductase (results not shown). Therefore all further measurements of glycerophosphate acyltransferase activity were performed in whole cell homogenates in the presence and absence of N-ethylmaleimide, and N-ethylmaleimide-insensitive and -sensitive activities were taken as the mitochondrial and microsomal activities respectively. Fig. 3 (Aas & Daae, 1971; Van Tol, 1974; Zammit, 1981) . Mangiapane et al. (1973) also observed a decrease in microsomal glycerophosphate acyltransferase activity in starvation when activity was expressed per unit of DNA. Expressed in terms of protein, no decrease in microsomal activity was found by Fallon & Kemp (1968) and by Zammit (1981) . However, owing to a decrease in the liver's total protein content during starvation, the liver's total microsomal activity may also have been lower in those studies. Brindley, 1978) . (2) Evidently, at limiting glycerol 3-phosphate content the flux through the glycerophosphate acyltransferase step is limiting esterification, and under this condition one would expect lower rates of triacylglycerol synthesis in hepatocytes from starved animals. To solve this discrepancy we determined the water space of isolated 4epatocytes so that glycerol 3-phosphate content of the cells could be converted into intracellular concentrations. The intracellular water space, determined as the [ (4Clmethylglucose-accessible space, was 419.7+23.1 uI/10' cells (n= 22) and 301.5 ± 16.6pl/I08 cells (n = 23) for hepatocytes from fed and starved animals respectively (P < 0.001). Thus, because of their smaller water space, hepatocytes from starved rats have higher intracellular glycerol 3-phosphate concentrations at a given glycerol 3-phosphate content than do hepatocytes from fed rats. In Fig. 4 the rates of triacylglycerol synthesis taken from Fig. 2 are plotted against intracellular glycerol 3-phosphate concentrations calculated from the measured glycerol 3-phosphate content and the intracellular water space. The curve for hepatocytes from starved rats is now shifted to the right relative to the curve for hepatocytes from fed rats. Between 0.5 mm and 1 mM-glycerol 3-phosphate the 95% confidence intervals do not overlap, indicating that both curves are significantly different. Thus for a given intracellular glycerol 3-phosphate concentration below 1 mM, hepatocytes from starved rats esterify less than do hepatocytes from fed rats. Since the apparent Km for glycerol 3-phosphate of glycerophosphate acyltransferase does not change on starvation, the decreased esterification appears to be the result of the decrease in maximal velocity of the Rates of triacylglycerol synthesis in Fig. 2 were plotted against intracellular glycerol 3-phosphate concentrations calculated from the corresponding glycerol 3-phosphate content and the intracellular water space. The broken curves represent the 95% confidence limits calculated as described in the Experimental section.
enzyme. Interestingly, below 1 mM-glycerol 3-phosphate there is a 30-40% decrease in triacylglycerol synthesis in hepatocytes from starved as compared with fed rats, a percentage very similar to the decrease in glycerophosphate acyltransferase activity. Since at higher glycerol 3-phosphate concentrations another enzyme of the pathway seems to become rate-limiting, the decrease in maximal velocity of glycerophosphate acyltransferase does not appear as a decrease in maximal activity but as an increase in apparent Km for glycerol 3-phosphate of the overall pathway of triacylglycerol synthesis (see Fig. 4 ).
Extrapolation to the situation in vivo The data obtained in isolated hepatocytes (Fig. 2 ) were extrapolated in an attempt to describe the glycerol 3-phosphate dependence of fatty acid esterification in vivo. This is shown in Fig. 5 . Rates of triacylglycerol synthesis were expressed per 100g body weight by multiplying the rates per number of cells as indicated in Fig. 2 palmitate/albumin ratio of 2.3 was used. Given the differences in non-esterified fatty acid/albumin ratios and in non-esterified fatty acid composition, the data nevertheless show that the extrapolation yielded rates comparable with those observed in vivo.
Finally it should be noted that freshly isolated hepatocytes from fed rats have a glycerol 3-phosphate content comparable with that of the corresponding freeze-clamped livers. However, glycerol 3-phosphate in isolated hepatocytes from starved rats is 2-3-fold lower than in the corresponding freeze-clamped livers. The glycerol 3-phosphate content of 0.8 x 108 celis from fed animals (1 g of intact liver) is 0.4,umol/108 cells (see above) x 0.8 = 0.32,umol; for 1.29 x 108 cells from starved animals (1 g of intact liver) this value is 0. 15,umol/ 108 cells (see above) x 1.29 = 0. l9,umol.
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Conclusions
Integrating the above observations, one can conclude that in isolated hepatocytes rates of triacylglycerol synthesis are primarily regulated by substrate supply. The intracellular acyl-CoA contents are determined by the supply of exogenous fatty acids and by the competing activity of the oxidation pathway, which is increased in starvation. However, at high external non-esterified fatty acid concentrations, oxidation rates become equally high in hepatocytes from fed and starved rats. In hepatocytes from starved animals glycerol 3-phosphate limits esterification, but its concentration can easily be raised by the addition of precursors. At saturating intracellular glycerol 3-phosphate concentrations, the esterification capacity is equal in both nutritional states. At subsaturating concentrations hepatocytes from starved rats esterify less as a result of the decrease in activity of glycerophosphate acyltransferase. A similar picture whereby triacylglycerol synthesis is primarily dictated by the concentrations of acyl-CoA and glycerol 3-phosphate seems to hold in vivo. At the glycerol 3-phosphate contents found in vivo, livers from fed and starved animals appear to be capable of esterifying the same amount of fatty acids. However, dietary or hormonal variations in glycerol 3-phosphate content in the range below 0.4,umol/g for livers from fed animals and below 0.6,umol/g for starved animals should cause large changes in esterification.
When triacylglycerol entry into the circulation is measured in vivo, fed and starved rats secrete comparable amounts of triacylglycerols (results not shown). Since part of the triacylglycerols is undoubtedly of intestinal origin in the fed state, these observations suggest that in starvation the liver actually esterifies more and secretes more verylow-density lipoprotein than in the fed state, most probably as a result of the high non-esterified fatty acid influx from adipose tissue.
